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The progressive onset of slip at the wall, which corresponds to a slip length increasing with the
solicitation time before reaching a plateau, has been investigated for model viscoelastic polymer
solutions, allowing one to vary the longest relaxation time while keeping constant solid - fluid inter-
actions. A hydrodynamic model based on a Maxwell fluid and the classical Navier’s hypothesis of a
linear response for the friction stress at the interface fully accounts for the data. In the limit of the
linear viscoelasticity of the fluid, we could postulate a Newtonian response for the interfacial friction
coefficient reflecting the local character of solid-liquid friction mechanisms. Deviations between
the experiments and our model are observed when the fluid is far from its linear viscoelastic behavior.
doi:10.1021/acsmacrolett.0c00182
The description of liquid flows close to a surface has
become a major issue during the last 10 years, due to the
fast development of micro and nanofluidics, and driven
by potential applications, as for example desalination [1–
6] or blue energy [7–11].
In any fluid mechanics problem, two equations are
needed: a bulk constitutive equation to describe the fluid
properties, and an interfacial constitutive equation to de-
scribe the interfacial friction. For simple fluids, a single
viscosity η, can be defined, assuming that the friction
between two layers of fluid sliding past each other is pro-
portional to their difference in velocity: σvisc = ηγ˙, where
σvisc is the viscous stress and γ˙ the shear rate of the flow.
Combined with Newton’s laws this leads to the classical
Navier-Stokes equation. To solve this bulk differential
equation, a boundary condition needs be specified. The
no slip boundary condition (equal solid and fluid veloci-
ties), has long been commonly used. In the past decades
however, numerous violations of this no slip boundary
condition have been reported, both experimentally [12–
25] and numerically [26–31], especially when polymers
were involved.
Navier [32] was the first to introduce the possibility of
slip at the wall, assuming a linear constitutive equation
at the interface: the friction stress of a layer of fluid slid-
ing over the solid surface, σfriction is proportional to the
slip velocity V : σfriction = kV , where k is the so-called
Navier’s or friction coefficient. k quantifies the ability
of a given fluid to slip on a given solid surface. Bal-
ancing friction and viscous stresses, one can define the
distance to the interface where the velocity profile ex-
trapolates to zero, the so-called slip length b: b = η/k.
The order of magnitude of the slip length varies from few
nanometers [12, 14–16, 18, 26–28, 30] for simple fluids
to micrometers [13, 17, 19–25] for complex fluids such as
entangled polymer solutions or melts. It has also been
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demonstrated that for soft elastic solids sliding on a solid
surface, the friction stress was also obeying a Navier’s
equation, with a friction stress proportional to the slid-
ing velocity, and on non adsorbing surfaces, the obtained
Navier’s friction coefficient was exactly the same for a
crosslinked elastomer and for a sheared polymer melt of
the same chemical nature, except for the crosslinks [25].
This in turn rises a new question: when viscoelastic fluids
are involved, is it sufficient to postulate a single constant
friction coefficient, or, as for bulk fluid, is it necessary
to introduce a viscoelastic response for the interfacial
stress? Indeed, when simple or complex fluids are so-
licited at times smaller than their longest characteristic
time, they can no longer be considered as Newtonian and
the bulk fluid response presents an elastic contribution at
short times, with characteristic times which strongly de-
pend on the nature of the molecular interactions, and is
in the nanosecond range for simple fluids while it can be-
come much longer than seconds for complex fluids. The
shear stress then depends on the shear time and the bulk
constitutive equation has to be modified. Is it neces-
sary to introduce a time dependent Navier coefficient,
going from a solid friction coefficient at short times to the
classical Navier coefficient at longer times? If so, what
physico-chemical phenomena rule the characteristic time
of this change in friction response of the interface? Such
a time dependent Navier coefficient has rarely been re-
ported [13, 23, 28, 29, 31, 33] in the literature and an
universal interfacial constitutive equation is still lacking
to pave the way to what could become solid-liquid inter-
facial rheology.
Inspired by model bulk rheology experiments, we
present an investigation the interfacial friction for se-
ries of model complex fluid in contact with two different
model surfaces, and submitted to an abrupt change of
shear. To do so, we used entangled polymer solutions,
for which the longest characteristic time, the terminal
time, or reptation time τrep, can easily be adjusted over
a large range through the polymer volume fraction φ,
while keeping constant the local fluid - solid interactions.
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2For such fluids, the slip length, directly linked to the
interfacial stress, ranges from tens to thousands of mi-
crometers, large enough to be easily measured. We put
into evidence a progressive onset of slip at the wall, char-
acterized by a dependence of the slip length versus the
shear time, before reaching a steady state slip regime.
All characteristics of this transient slip regime are deeply
affected by the polymer volume fraction. To rationalize
these results, we built a model for a Maxwell-like fluid in
simple shear flow, and obeying a classical Navier’s time
independent boundary condition. The comparison be-
tween experimental data for the time evolution of the
slip length during the onset of slip and this model allows
one to draw some conclusions on the locality of the fluid
- solid friction mechanisms.
Experimental approach.
Velocimetry using fluorescence photobleaching is com-
monly used to measure slip lengths in polymer fluids
(Fig.1). A drop of fluorescent photobleachable fluid is
compressed between two plane solid surfaces. The thick-
ness h of the drop is measured by spectroscopic reflec-
tometry. A pattern is photobleached in the fluid which is
then sheared during a monitored time t by displacing the
top surface at a constant velocity Vshear = dshear/t, where
dshear is the total displacement of the top surface. The
slip length at the bottom surface is directly measured by
following the evolution of the displaced photobleached
pattern, as previously described [25].
To adjust the characteristic times of the studied vis-
coelastic fluids, semi-dilute solutions with tunable vol-
ume fraction φ of polystyrene (PS,Mn = 10.2Mg ·mol−1,
Ð = 1.08, Polymer Source Inc.) in diethyl phthalate
(DEP) were used. High molar mass PS and ca. 1wt%
of a photobleachable polystyrene (Mn = 429 kg ·mol−1,
Ð = 1.05, see Fig. S2) were dissolved in diethyl phtha-
late and toluene and were gently stirred for at least 3
weeks. Toluene was then evaporated at room tempera-
ture under vacuum during a week. The fluorescently la-
beled polystyrene contains nitro-benzoxadiazole (NBD)
fluorescent groups emitting at 550 nm when excited at
458 nm at both chain ends. Synthesis protocol and char-
acterization of PS di-NBD are detailed in Supplementary
Materials. The respective viscosity η and reptation time
τrep were measured for each solution by oscillatory rhe-
ology at 22◦C using an Anton-Paar MCR 302 rheometer
in a cone plate geometry (2◦ cone angle, 25mm diame-
ter). A classical viscoelastic behavior is evidence for all
polymer solutions (see Fig. S4 ).
Table I summarizes the measured characteristics of the
PS in DEP solutions.
Slip lengths for 5 solutions with φ ranging from 0.023
to 0.061 were measured on two model substrates: a
bare silicon wafer and a dense layer of grafted-to PS
brushes. Bare silicon wafer (2" diameter, 3mm width,
Si-Mat Inc.) was cleaned before each slip measure-
ment with a UV/O3 treatment for 30min. The layer
of dense PS brushes was prepared following a previously
published protocol [34]. Briefly, a self-assembled mono-
 b
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FIG. 1. Measurement of the slip length b of fluids by ve-
locimetry using photobleaching. A drop of fluid, of thickness
h, is sheared at a constant velocity Vshear during a time t.
The fluid slips with a velocity V on the bottom surface.
φ τrep [s] η [Pa·s] b∞,PS [µm] b∞,Si [µm]
0.0230 2.7 64 44± 1 58± 3
0.0314 8.3 401 99± 2 184± 5
0.0397 16.3 1,147 249± 6 327± 7
0.0495 24.3 3,840 628± 13 1, 254± 37
0.0608 50 12,000 1, 217± 37 2, 116± 31
TABLE I. Experimental characteristics of semi-dilute solu-
tions of PS in DEP.
layer of triethoxy(3-glycidyloxypropyl)-silane was vapor
deposited on a Si wafer. The SAM was 0.9 nm thick as
measured by ellipsometry. Amino end-functionalized PS
(Mn = 5.0 kg · mol−1, Ð = 1.17, Polymer Source Inc.)
was covalently tethered to the SAM in the melt at 140 ◦C
for 48 hours. After through rinsing of the non-covalently
tethered chains, the grafted PS layer was 2.8 nm thick
and was considered as a dense polymer brush. The so-
lutions are sheared at various shear rates in the range
[2× 10−4 − 5.7] s−1.
As shown in Figure 2 for 3 representative systems,
the slip length b increases with the shear time t until it
reaches a plateau. Similar results have been observed for
all 5 volume fractions on the two substrates (see Supple-
mentary Fig.S3). These data clearly evidence a transient
behavior, corresponding to a progressive onset of slip be-
fore reaching a steady state regime. The characteristic
time of the transient regime (dotted lines in Fig.2) de-
pends on φ but not on the substrate. Conversely, the
plateau value obtained in the steady state regime, noted
b∞, strongly depends on both φ and the substrate. This
complex dependence is interesting by itself and highlights
that the stress transmission at the interface depends on
both the local structure of the interface and on the bulk
properties [35–37]. The discussion of the influence of the
concentration on the slip length will be developed in a
forthcoming paper. The transient behavior appears to
3be independent of the shear velocity Vshear, as the mea-
surements presented in Figure 2 have been obtained for
different values of Vshear.
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FIG. 2. Transient onset of slippage for polymer solutions. Slip
length b of PS in DEP solutions as a function of the shear time
t on a bare silicon wafer and on a grafted layer of PS brushes,
for different PS volume fractions φ.The dotted lines represent
t = 5τrep, a typical time for which the steady state regime is
reached. The solid lines are guides to the eye.
In order to gain a better understanding of the observed
transient regime, we built a simple mechanical model,
based on the Navier’s boundary condition and Maxwell-
like fluids.
The polymer solution is considered as a Maxwell-like
fluid, characterized by its viscosity η in the linear regime
and its elastic modulus E, directly linked to its repta-
tion time τrep: τrep = η/E. As the slip length b may
depend on the shear time t, the real shear rate experi-
enced by the fluid also depends on t, even for a constant
shear velocity Vshear = dshear/t. In the simple shear ge-
ometry illustrated in Fig. 1, one can link the shear rate
dependence with t to b(t):
γ˙(t) =
Vshear − V (t)
h
(1)
=
Vshear[h+ b(t)]− Vsheartb˙(t)
[h+ b(t)]2
(2)
In a Maxwell-like fluid, one can write the viscous
stress σvisc(t) = ηγ˙visc(t) and the elastic stress σelas(t) =
Eγelas(t). At the solid/liquid interface, assuming the
friction coefficient to be independent of the shear time,
Navier’s hypothesis gives σfriction = kV (t). The stress
balance at the interface and the expression of the im-
posed shear strain γtot = γvisc+γelas lead to a differential
equation for the shear stress. Considering a zero shear
stress at the beginning of the shear, the unique solution
to this differential equation writes:
σ(t) =
VshearEτ
h
(
1− e−t/τ
)
(3)
where τ = τrep
1+ b∞h
is a characteristic time depending on
the steady-state slippage through b∞ = ηk . Equation
(3) is the expected expression of the shear stress for a
Maxwell-like fluid, except for the fact that the character-
istic time τ now depends on the amount of slip at the
wall.The total shear rate γ˙ may also be calculated and
the viscous and elastic parts evaluated separately (cf SI).
Pearson and Petrie [38] were the first to introduce theo-
retically the notion of "retarded slip" due to the presence
of a relaxation slip time λs, with a model based on an
analogy with a mechanical model for Maxwell-like fluids.
Considering a power-law slip model, Hill et al. [39] and
Hatzikiriakos et al. [40] postulated a differential equation
for the shear velocity: V +λs dVdt = aσ
m, where a is a slip
coefficient and m is the slip power-law exponent. The
origin of the introduced relaxation slip time λs was not
discussed in these papers. With our model, the postu-
lated relaxation slip time λs can be clearly identified as
the differential equation obtained for σ may be written
for the slip velocity V : V + V˙ τ = VshearEτkh . Here the
characteristic time τ = λs is directly linked to the slip
properties through b∞, the fluid dynamics through τrep
and the geometry of the experiment through h.
Combining equation (3) to the dependence of the shear
rate with t (eq. (1) and (2)) allows one to solve the
differential equation obtained for b(t), with the initial no
slip condition:
b(T ) = h
[
T (1 +X)
T − X1+X e−T (1+X) + X1+X
− 1
]
(4)
where T = tτrep compares the shear time t and the repta-
tion time τrep. X = b∞h is the ratio between the steady
state slip length b∞ and the thickness h of the sheared
drop of fluid. Taking into account Navier’s hypothesis for
a Maxwell-like fluid affords a complex temporal depen-
dence of the slip length. It is worth noting that equation
(4) is independent of the shear velocity Vshear and thus
of the apparent shear rate γ˙app = Vshear/h, in agreement
with our experimental results.
As shown in Figure 3a, no matter what is the value
of the parameter X, the shear stress calculated from
eq. (3) increases with the shear time, before reaching
a plateau. The value of X clearly affects the dynamics of
the onset of slippage: the larger the thickness h compared
to b∞ (smaller X), the longer the transient slip regime.
The dependence of the calculated slip length versus the
shear time, presented in Figure 3b, appears however only
weakly affected by the value of X.
The theoretical evolution of b(t)/b∞ shown in Fig3b,
is qualitatively similar to the trend of the experimental
data: b(t) increases before reaching a steady state regime.
A shear time longer than few reptation times is needed to
obtain an almost constant slip length. For all X values,
the slip length is larger than 0.8b∞ at T = 5, as indicated
by the dotted line in Fig3b.
To compare quantitatively the experimental data to
the prediction of eq. (4), we used the following proce-
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FIG. 3. Slippage of a Maxwell-like fluid following the Navier’s
boundary condition. a Normalized shear stress σ/σ∞ as a
function of the normalized shear time T = t/τrep. b Normal-
ized slip length b/b∞ as a function of the normalized shear
time T = t/τrep. The dotted line represents T = 5, at which
the steady state regime is typically reached. All the calcu-
lations are made for 5 non-denationalized values X = b∞/h,
with h the height of the sheared fluid.
dure. The thickness h of the drop, the reptation time
τrep and the slip length depending on the shear time b(t)
are measured independently. We fitted the experimen-
tal data with eq.(4) with b∞ as an adjustable parameter.
Table I summarizes the fitted values for b∞. Figure 4
presents the measured (symbols) and calculated (lines)
normalized slip lengths b/b∞ as a function of the normal-
ized shear time T = t/τrep. All experimental data (five
solutions and two surfaces) collapse on a master curve,
indicating a universal behavior, only depending on both
the volume fraction φ and the shear time t, but indepen-
dent of the solid substrate. Note that in the experiments,
the thickness h of the sheared drop is chosen to be as close
as possible to b∞ in order to minimize the error bars on
the measured b values. Therefore experimental X values
only vary within one decade (X ∈ [0.3 − 3.8]). The ex-
perimental values can thus be compared with a theoret-
ical model calculated with the corresponding X values.
The model clearly well captures the temporal evolution
of b(t).
A slight difference between model and experimental
data appears for T < 1. The experimental slip lengths
estimated by our model seem underestimated compared
to the experiments. These points correspond to large
shear velocities. For these shear velocities, we enter in
the shear-thinning regime of the fluid. This shear thin-
ning regime is out of the scope of the present mechanical
model, which only deals with linear viscoelastic fluids.At
large T , the time of diffusion of labeled polymers becomes
comparable to the shear time, leading to underestimate
the error bars for b(t). The good agreement between
model and experimental data in the Newtonian regime
confirms that viscoelasticity combined to a linear fric-
tion fully describe the onset of slippage in these complex
fluids.
No viscoelastic response of friction at the wall is needed
to account for the observed dependence of the slip length
on the shearing time. This confirms the idea that the in-
terfacial friction is a local quantity, as already observed
for polymer melts [25, 41, 42]. If indeed governed by
phenomena at monomer or solvent molecular scales, the
characteristic relaxation times associated to interfacial
friction should be several orders of magnitude smaller
than the relaxation times of the model viscoelastic fluids
used here, and not accessible to the present experiments.
The picture of a locally determined interfacial friction
could be affected by chains adsorbed at the solid surface.
The substrates used here have been specifically chosen to
minimize adsorption: PS is known to adsorb slowly (sev-
eral hours) on bare silicon wafers [43], and we have shown
(see SI) that indeed a weakly dense adsorbed layer could
form on silica in conditions comparable to our experi-
ments on bare silica, while the dense brush of short PS
chains prevents adsorption of high molar mass PS chains
on the other investigated surface. However, we see no ev-
idence of any effect of the evolution of such an adsorbed
layer during the slippage experiments: they were all done
at random order for Vshear and φ. We could not notice
any effect of the time of contact of the solution with the
surface on the obtained results. This is why the picture
of a progressive onset of slippage controlled by the vis-
coelasticity of the fluid, while keeping a time independent
Navier’s coefficient appears fully efficient to account for
experimental data.
To conclude, we have provided unambiguous experi-
mental evidences of the existence of a progressive increase
in slip length with shearing time before reaching a steady
state plateau, for polymer solutions flowing on ideal sur-
faces. A mechanical model based on the Navier’s hypoth-
esis for Maxwell-like fluids has been built to describe this
transient onset of slip, and pin point the mechanisms
at stake. The good agreement between model and ex-
periments validates the main hypothesis of the model:
on ideal substrates (no adsorbed chains), the friction is
driven by local phenomena and no elastic contribution
to interfacial friction is needed to account for the onset
of slip. The model, applicable to any linear viscoelastic
fluid, provides a firm framework to identify which pa-
rameters govern the onset of slip for fluids others than
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FIG. 4. Comparison between measured slippage of polymer
fluids and calculated Maxwell-like fluid slippage. Normalized
slip length b/b∞ of PS in DEP solutions as a function of the
normalized shear time T = t/τrep on a bare silicon wafer and
on a grafted layer of PS brushes. The lines correspond to
the calculation by equation (4), b∞ being the only adjustable
parameters.
polymer solutions. As the shear stress appears to be
more sensitive than the slip length to details of the ex-
perimental geometry in the transient slip regime, this
work highlights the importance of studying the interfa-
cial rheology at a solid/liquid interface by analyzing the
temporal evolution of the interfacial shear stress. The
generality of the model may also lead to a better under-
standing of the molecular mechanisms responsible for the
instabilities observed in extrusion process. We anticipate
that extending this approach will contribute to under-
stand fluid dynamics in different regimes, such as flow in
nanoconfinement and turbulence in transient regimes.
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